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Abstract 

In  this  work  a  manganese  oxide  dispersed  on  a  high  surface  area  carbon  powder  at  two  ratios  (MnvOt/C)  was  evaluated  as  catalyst  for  the 
oxygen  reduction  reaction  (ORR)  in  alkaline  solutions.  An  impregnation  method  was  used  to  prepare  the  catalysts,  starting  from  a  manganese 
nitrate  precursor  solution  containing  the  carbon  powder  (Vulcan  XC-72).  A  thin  porous  coating  rotating  disk  electrode  was  employed  to  collect 
the  experimental  ORR  polarization  data  and  the  results  obtained  were  analyzed  with  the  application  of  the  flooded-agglomerate/thin  him  model 
for  the  catalyst  layer.  Results  indicated  that  the  reaction  is  sensitive  to  the  manganese  oxide  to  carbon  ratio  on  the  catalyst.  The  catalyst  containing 
lower  MnyOx/C  ratio  tended  to  follow  the  peroxide  pathway  (2e~  mechanism)  forming  peroxide  ions.  When  the  MnvOv  content  is  increased  the 
complete  reduction  of  oxygen  to  hydroxide  ions  pathway  (the  4e~  mechanism)  takes  place  into  some  extent  at  low  potentials  due  to  the  occurrence 
of  a  catalytic  disproportionation  of  HCL-. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

One  of  the  most  studied  processes  in  electrochemistry  is  the 
cathodic  reduction  of  molecular  oxygen,  either  in  alkaline  or  in 
acid  solutions,  due  to  the  importance  of  this  reaction  for  fuel 
cells  [1]  and  metal-air  batteries  [2].  The  most  effective  catalyst 
used  to  promote  the  oxygen  reduction  reaction  (ORR)  kinetics  is 
a  material  formed  by  platinum-based  particles  highly  dispersed 
on  a  high  surface  area  substrate  (normally  a  carbon  powder). 
However,  Pt-based  catalysts  are  very  expensive,  and  additionally 
suffer  gradual  decrease  in  activity.  These  aspects  have  moti¬ 
vated  the  development  of  alternative  materials  that  have  been 
successfully  employed  on  the  ORR,  particularly  in  the  construc¬ 
tion  of  cathodes  for  alkaline  fuel  cells  and  metal-air  batteries 
[3,4]. 

The  main  challenge  related  to  the  development  of  high  active 
catalysts  for  the  ORR  is  to  obtain  a  material  capable  of  achieving 
the  complete  reduction  process,  where  a  four-electron  transfer 
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per  O2  is  involved.  However,  some  of  the  catalysts  reported 
in  the  literature  accelerate  a  two-electron  reduction  of  O2  to 
produce  H2O2.  Manganese  oxide  is  among  the  most  widely  used 
catalyst  for  the  ORR  in  alkaline  metal-air  batteries  [5-8].  One 
of  the  functions  of  this  oxide  is  to  perform  the  decomposition  of 
hydrogen  peroxide,  which  is  formed  during  the  electrochemical 
reduction  of  oxygen  [8],  by  a  disproportionation  mechanism 
conducting  the  ORR  to  follow  the  complete  reduction  pathway, 
where  a  4e“  transfer  per  oxygen  molecule  is  obtained. 

The  objective  of  the  present  work  is  to  further  demon¬ 
strate  the  efficiency  of  a  manganese  oxide  as  catalyst  for  the 
ORR  in  alkaline  solutions  (l.OmolL-1  NaOH).  In  order  to 
obtain  high  specific  area,  the  catalyst  was  obtained  in  the 
form  of  a  highly  dispersed  powder  supported  on  carbon  fol¬ 
lowing  an  impregnation  method  as  suggested  by  Lamminen 
et  al.  [9].  The  method  involves  the  use  of  a  nitrate  precursor 
(Mn(N03)2-4H20),  which  is  thermally  decomposed  to  produce 
very  small  metal  oxide  particles.  Since  the  resulting  material  is  a 
non- stoichiometric  metal  oxide  (see  details  in  Section  2)  it  will 
be  represented  as  MnvOv/C.  This  catalyst  was  characterized  by 
XRD  (X-ray  diffraction)  measurements,  while  cyclic  voltam¬ 
metry  and  steady-state  polarization  techniques  were  employed 
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for  the  ORR  investigations.  The  electrodes  were  constructed 
using  the  thin  porous  coating  rotating  disk  (TPC)  technique  [10]. 
The  steady-state  oxygen  reduction  polarization  data  collected 
by  this  technique  were  analyzed  using  the  thin  film/flooded- 
agglomerate  model  of  gas  diffusion  electrode,  as  mathemati¬ 
cally  treated  in  the  Cartesian  system  by  Springer  and  Raistrick 
[1U2], 

2.  Experimental 

The  MnvOv/C  catalyst  was  obtained  by  thermal  decompo¬ 
sition  of  manganese  nitrate,  following  a  procedure  described 
by  Lamminen  et  al.  [9].  Two  different  compositions  were  pre¬ 
pared,  one  with  low  manganese  oxide  load  (MnAOv/CLL)  and 
the  other  with  high  oxide  content  (MnAOv/CHL)-  The  mass  of 
manganese  in  the  MnAOv/CHL  catalyst  was  calculated  in  order 
to  be  twice  that  in  the  MnAOv/CLL-  The  physical  characterization 
of  the  catalysts  was  carried  out  by  XRD  analysis  using  a  Philips 
diffractometer  with  the  Cu  Ka  characteristic  radiation,  in  the  20 
range  from  20°  to  80°  at  2°  min- 1 .  In  order  to  estimate  the  mean 
particle  size  of  the  catalysts  the  XRD  results  were  analyzed  by 
the  WinFit  software  [13].  This  is  a  program  for  profile  analy¬ 
sis  of  X-ray  reflections  and  peak  fittings,  which  can  be  used  to 
obtain  the  particle  size  and  strain  information  of  the  investigated 
sample. 

Thin  porous  coating  rotating  disk  electrodes  were  used  for 
cyclic  voltammetry  and  polarization  measurements.  The  elec¬ 
trodes  were  prepared  by  mixing  the  catalyst  powders  with  a 
dilute  suspension  (~2%,  w/w)  of  a  Teflon  emulsion  (Du  Pont 
TM  30)  and  following  the  procedure  described  elsewhere  [10]. 
A  conventional  one-compartment  cell  was  used  for  the  electro¬ 
chemical  experiments.  A  platinum  foil  and  a  saturated  calomel 
electrode  (SCE)  were  used  as  counter  and  reference  electrodes, 
respectively.  All  the  experiments  were  carried  out  in  1 .0  mol  L- 1 
NaOH  solutions  prepared  from  high  purity  sodium  hydroxide 
pellets  (Mallinckrodt)  and  distilled  water  further  purified  in  a 
Milli-Q  (Millipore)  system.  The  electrolyte  was  saturated  with 
purified  No  (White  &  Martins)  99.96%  for  the  cyclic  voltam- 
metric  experiments  or  O2  (White  &  Martins)  99.995%  for  the 
experiments  involving  the  ORR. 

The  cyclic  voltammetry  and  rotating  disk  polarization  mea¬ 
surements  were  performed  in  a  Princeton  Applied  Research 
(PAR)  273-A  potentiostat  coupled  with  an  IBM-PC  compat¬ 
ible  microcomputer.  The  electrode  rotation  speeds  were  con¬ 
trolled  by  an  AFMSRE/ASR  system  from  the  Pine  Instrument 
Company.  The  oxygen  reduction  polarization  curves  involv¬ 
ing  the  TPC  electrodes  were  recorded  point-by-point  in  the 
potentiostatic  mode.  This  procedure  helps  to  minimize  the  high 
capacitive  currents  associated  to  this  type  of  electrode.  All  the 
experiments  were  conducted  at  room  temperature  (25  ±  1  °C). 

3.  Results  and  discussion 

3.1.  Physical  characterization 

Fig.  lb  shows  XRD  patterns  obtained  for  the  MnvOA/C  cata¬ 
lysts.  The  result  obtained  for  a  10wt.%  Pt/C  catalyst  (E-Tek) 


Fig.  1.  X-ray  diffraction  patterns  for:  (a)  10%  Pt/C  (E-TEK  Inc.,  USA)  and  (b) 
M^Oj/Cll  electrodes. 


is  included  for  comparisons.  These  results  indicate  that  the 
catalyst  is  crystalline  and  composed  by  a  mixture  of  man¬ 
ganese  oxides,  (3-Mn02  and  Mn203.  One  of  the  most  used 
methods  to  prepare  manganese  oxides  is  the  thermal  decom¬ 
position  of  suitable  chemical  precursors,  including  nitrate  [9], 
acetate  [14],  carbonate  [15],  sulfate  [15],  etc.  The  resulting 
product  depends  on  the  precursor  used  and  of  the  experimen¬ 
tal  conditions  (decomposition  temperature  [16],  moisture  con¬ 
tent  of  the  atmosphere  [17],  hydration  degree  of  the  nitrates 
[18],  crystal  size  and  support  [19]).  The  mechanism  of  ther¬ 
mal  decomposition  of  manganese  nitrate  in  air  atmosphere  (as 
in  this  work)  was  comprehensively  studied  by  Hussein  and 
co-workers  [16].  According  to  this  work,  until  220  °C  the  pre¬ 
cursor  is  converted  to  MnCF  which  is  quantitatively  converted  to 
MmCb  at  560  °C.  A  mixture  of  MnCF  and  MmC^  is  expected 
when  the  thermal  decomposition  of  Mn(NC>3)2  is  conducted  at 
temperatures  below  560  °C,  as  demonstrated  by  the  XRD  pat¬ 
terns  in  Fig.  lb.  The  presence  of  (B-MnCb  in  the  catalyst  is 
also  in  agreement  with  other  results  available  in  the  literatures 
[9,16], 

There  in  no  previous  report  about  the  particle  size  of  man¬ 
ganese  oxides  obtained  by  impregnation,  so  the  XRD  results 
were  also  analyzed  using  the  WinFit  [13]  software  in  order  to 
estimate  the  mean  crystallite  size  of  the  catalyst  particles.  The 
software  allows  modeling  a  peak  by  one  or  more  profile  shape 
functions  and  the  size-distribution  is  determined  from  the  sec¬ 
ond  derivative  of  the  Fourier-coefficient  plots.  To  evaluate  the 
derivative,  a  Savitzky-Golay  polynomial  was  used.  In  order  to 
validate  the  method,  the  same  procedure  was  used  for  the  XRD 
obtained  for  a  10  wt.%  Pt/C  (E-Tek  USA)  as  depicted  in  Fig.  1. 
The  result  obtained  from  this  calculation  indicated  a  mean  crys¬ 
tallite  size  of  Pt  equals  to  2.4  nm,  in  quite  good  agreement  with 
that  presented  previously  [20]  (2.3  nm).  The  mean  crystallite  size 
was  estimated  by  WinFit  for  MnvOv/C  as  being  around  15  nm. 
Such  result  clearly  demonstrates  the  large  surface  area  of  the 
MnvOv/C  catalyst,  fulfilling  a  basic  requirement  for  application 
on  gas  diffusion  electrodes. 
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Fig.  2.  Cyclic  voltammograms  obtained  in  l.OmolL-1  NaOH  solution  for  the 
MnvOv/CLL  electrode  obtained  experimentally  by  thermal  decomposition  of 
manganese  nitrate  (v=  10  mV  s-1). 


3.2.  Cyclic  voltammetry 

Fig.  2  shows  the  cyclic  voltammogram  (cv)  profile  for  the 
MnvOA/CLL  TPC  electrode  recorded  at  a  scan  rate  of  10  mV  s-1 . 
The  voltammetric  profile  is  very  similar  to  those  found  in  the  lit¬ 
eratures  [21-23]  and  the  voltammetric  peaks  are  associated  to  a 
series  of  redox  processes  [22,23].  These  processes  are  composed 
of  several  steps  and  the  corresponding  voltammetric  peaks  are 
overlapped  and  difficult  to  identify  or  to  associate  with  a  specific 
process.  Meanwhile  the  main  reactions  are  those  associated  to 
the  reduction  and  reoxidation  of  Mn02  and  Mn203.  The  reduc¬ 
tion  reaction  of  Mn02  is  composed  by  two  consecutive  steps, 
MnIV/Mnnl  and  Mnm/Mnn: 

Mn02  +  H20  +  e--+  MnOOH  +  OH-  (1) 

MnOOH  +  H20  +  e-  -*  Mn2+  +  30H-  (2) 

Reaction  (2)  indicated  above  might  be  considerably  sup¬ 
pressed,  or  completely  inhibited,  by  resistive  effects,  due  to  the 
poor  conductivity  of  MnOOH.  It  may  involve  partial  dissolution 
of  MnOOH  and  disproportionation  into  Mn02  and  Mn2+.  The 
reduction  reaction  of  Mn203  occurs  into  a  unique  step  according 
to 

Mn203  +  3H20  +  2e“  -*  2Mn(OH)2  +  20H-  (3) 

and  its  oxidation  leads  to  the  production  of  Mn02  according  to 
[24]: 

Mn203  +  20H-  ->  2Mn02  +  H20  +  2e“  (4) 

The  experimental  procedure  used  to  produce  the  catalyst  in 
this  work  is  very  adequate  to  prepare  nanosized  oxide  parti¬ 
cles,  providing  an  efficient  contact  between  the  catalyst  particles 
and  the  carbon  powder  substrate.  The  experimental  method  is 
also  very  suitable  in  the  sense  that  very  stable  and  reproducible 
voltammetric  response  is  obtained,  even  after  more  than  20  con¬ 
secutive  cycles. 


Fig.  3.  Steady-state  polarization  curves  for  oxygen  reduction  in  l.OmolL  1 
NaOH  solution  on  TPC-RDE  prepared  with  different  catalysts. 


3.3.  Electrochemical  reduction  of  oxygen 

The  use  of  manganese  oxides  as  catalysts  for  the  electrochem¬ 
ical  reduction  of  oxygen  had  been  the  subject  of  several  previous 
works  [8,25-27],  exploring  the  effects  of  different  aspects  of 
the  oxide  properties,  such  as  crystallographic  phase  [26]  and 
the  manganese  oxidation  state  [8].  Fig.  3  presents  the  steady- 
state  polarization  curves  obtained  at  1 600  rpm  for  the  ORR  on 
MnvOv/C  catalysts  with  different  manganese  oxide  loads.  The 
results  clearly  indicate  an  enhancement  of  the  catalytic  activity 
as  the  amount  of  manganese  oxide  is  increased.  At  low  current 
densities  the  performance  of  the  catalysts  with  higher  content  of 
manganese  oxides  is  almost  the  same  as  for  10%  Pt/C. 

The  mass  transport  corrected  Tafel  curves  ( E  versus 
log[(7  x  7d)/(/d  —  7)],  where  7d  is  the  diffusion  limiting  cur¬ 
rent)  for  both  manganese  oxide  electrodes  are  presented  in 
Fig.  4.  Two  linear  regions  at  low  and  high  overpotentials  are 
observed  for  both  electrodes,  with  the  slopes  at  high  overpo- 
tential(^LL=  114  mV  decade-  1;7>hl  =  240  mV  decade-1)  being 
twice  that  at  low  overpotentials  (7>ll  =  57  mV  decade-1; 


log  (ld  x  I)  /  (ld  - 1) 


Fig.  4.  Experimental  (symbols)  and  simulated  (solid  lines)  Tafel  plots  for 
the  oxygen  reduction  on  different  catalysts  in  l.OmolL-1  NaOH  solution 
(co  =  1600  rpm). 
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Fig.  5.  Mass-transport  corrected  Tafel  plots  for  oxygen  reduction  on  the 
Mn^Oj/C  catalysts  in  l.OmolL-1  NaOH  solution  (co=  1600  rpm).  Solid  line: 
simulated  Tafel  plot;  symbols:  experimental  data. 


b\w  =  120  mV  decade-1).  It  was  already  demonstrated  [28]  that 
the  existence  of  two  linear  regions  in  the  polarization  curves 
of  TPC  electrodes  is  exclusively  related  to  structural  effects  of 
the  catalyst  layer  and  not  to  changes  on  the  reaction  pathway. 
Following  this  suggestion  the  increase  of  b  resulting  when  the 
amount  of  manganese  oxide  is  increased  may  be  assigned  to 
difficulties  of  oxygen  diffusion  and/or  to  ohmic  effects. 

In  order  to  analyze  quantitatively  this  point,  the  steady-state 
oxygen  reduction  polarization  data  were  analyzed  using  the 
flooded-agglomerate/thin  film  model  of  gas  diffusion  electrode, 
as  mathematically  treated  in  the  Cartesian  system  by  Springer 
and  Raistrick  [  1 1 , 1 2,28] .  The  experimental  and  simulated  curves 
are  presented  in  Fig.  5  and  the  corresponding  kinetic  parameters 
for  the  oxygen  reduction  reaction  (free  from  oxygen  diffusion 
effects)  obtained  from  the  simulated  curves  are  presented  in 
Table  1.  Results  for  10  wt.%  Pt/C  are  included  for  comparison. 

Results  presented  in  Table  1  clearly  indicate  that  the  Tafel 
slope  for  the  ORR  in  the  high  oxide  load  electrode  is  twice  that 
seen  for  the  low  loading  electrode.  Also  in  each  case,  only  one 
value  of  slope  is  necessary  to  simulate  the  experimental  response 
for  the  entire  range  of  potentials  or  current  densities,  indicating 
that  the  changes  of  b  as  function  of  the  current  density  observed 
in  Fig.  4  are  caused  by  oxygen  diffusion  limitations  in  the  flooded 
agglomerate  [11,12,28]. 

Since  for  both  MnvOv/C  electrodes  the  active  material  is  the 
same,  the  difference  in  the  Tafel  slope  between  the  low  and  high 
oxide  load  electrodes  cannot  be  associated  to  a  change  on  the 
reaction  pathway.  Also,  the  change  cannot  be  related  to  diffusion 


Table  1 

Fitting  parameters  obtained  for  oxygen  reduction  on  MnvOv/C  in  l.OmolL-1 
NaOH  at  25  °C 


Composition 

n 

b  (mV  decade  1 ) 

i'o  (A  cm  2) 

MnjOy/Cix 

2.1 

57 

2.6  x  10-11 

MnvCyCHL 

2.8 

120 

7  x  lO”10 

10  wt.%  Pt/C  (E-Tek) 

2.8 

47 

2  x  10-10 

problems  in  the  flooded  agglomerate,  because  this  phenomenon 
is  compensated  by  the  modeling  procedure  so  that  the  result¬ 
ing  value  of  b  (Table  1)  is  that  free  from  this  effect.  Thus,  it 
is  proposed  that  the  larger  slopes  obtained  for  MiivOv/Chl  can 
only  be  due  to  an  increased  ohmic  effect  arising  from  the  large 
MnvOv/C  content,  which  decreases  the  conductivity  of  the  elec- 
trodic  composite  [11,12,28]. 

It  is  also  seen  from  Table  1  that  n  increases  as  the  manganese 
oxide  content  in  the  catalyst  layer  increases.  As  demonstrated 
before  for  the  case  of  Pt/C  catalysts  with  several  platinum- 
to-carbon  ratios  [28,29],  this  is  an  indication  that  the  carbon 
substrate  may  also  participate  in  the  oxygen  reduction,  where  the 
reaction  proceeds  through  the  peroxide  pathway  [30]  according 
to 

02  +  H20  +  2e-  H02-  +  OH-  (5) 

which  in  the  presence  of  manganese  oxide  may  be  followed  by 
heterogeneous  catalytic  decomposition  of  hydrogen  peroxide 
[8,27]: 

2H02-Mn-^/C02  +  20H-  (6) 

When  the  load  of  manganese  oxide  is  low  the  reaction  pro¬ 
ceeds  mainly  on  the  carbon  surface  and  only  a  negligible  portion 
of  the  hydrogen  peroxide  is  decomposed  on  the  manganese  oxide 
surface  resulting  in  n  =  2.1.  An  increase  of  the  MnvOv/C  load 
leads  to  an  increase  of  the  number  of  electrons  for  the  ORR 
indicating  that  the  catalytic  decomposition  of  hydrogen  perox¬ 
ide  is  more  effective  [8].  This  effect  can  be  also  conveniently 
evaluated  by  Koutecky-Levich  (K-L)  plots  constructed  from 
the  data  in  kinetic  region  (low  overpotentials)  of  the  polariza¬ 
tion  curves  obtained  at  different  rotation  speeds.  These  plots  are 
shown  in  Fig.  6.  The  slope  of  the  K-L  plots  is  directly  related 
to  the  number  of  electrons  involved  in  the  reaction,  the  higher  is 
the  slope  the  lower  is  the  number  of  electrons  [31]. 

Fig.  6  shows  that  the  behavior  of  the  composites  is  very  dis¬ 
tinct  from  each  other.  The  plots  corresponding  to  the  catalyst 
containing  lower  oxide  load  (Fig.  6a)  show  straight  and  parallel 
lines  for  different  electrode  potentials,  indicating  that  the  oxy¬ 
gen  reduction  reaction  is  first-order  with  respect  to  the  reactant 
species  and  that  the  number  of  electrons  involved  in  the  reaction 
is  the  same,  independent  of  the  electrode  potential.  The  situa¬ 
tion  is  different  for  the  MnAOv/C||[  catalyst  (Fig.  6b).  The  K-L 
plots  for  this  catalyst  are  composed  of  straight  lines  whose  slope 
increases  with  the  increase  of  electrode  potential,  indicating  that 
the  number  of  electrons  decrease  as  the  overpotential  increases. 
In  Fig.  6c  it  is  seen  that  the  slope  of  the  curve  obtained  at  low 
potentials  for  the  catalyst  containing  lower  oxide  load  is  higher 
than  the  slope  for  the  higher  load.  In  this  sense  these  results  are 
in  complete  agreement  with  the  kinetics  parameters  presented 
in  Table  1  and  gives  further  support  for  the  occurrence  of  the 
2e-  mechanism  followed  by  the  disproportionation  of  OH2-. 

The  hydrogen  peroxide  disproportionation  process  may  be 
composed  by  the  following  oxi-reduction  steps,  taking  place  by 
collision  of  two  OH2-  species  at  neighbor  catalyst  active  sites: 

H02-  +  20H-  ->  02  +  H20  +  2e 


(7) 
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Fig.  6.  Koutecky-Levich  plots  for  oxygen  reduction  reaction  in  l.OmolL-1 
NaOH  solution  at  different  potentials  on:  (a)  \1n,Ov/C|  [.;  (b)  Mn , ().  /C 'hi  cat¬ 
alysts;  (c)  comparison  of  the  results  for  both  oxides. 

H02“  +H20  +  2e“  ->  30H“  (8) 

where  reaction  (7)  is  just  the  reverse  of  reaction  (5).  Thus,  the 
suppression  of  the  OH2“  disproportionation  at  high  overpoten¬ 
tials  for  MnAOv/CHL  can  be  attributed  to  the  fact  that  under  this 
condition  the  oxidation  of  the  peroxide  ion  (reaction  (7))  back 
to  02  is  thermodynamically  or  kinetically  retarded.  Therefore, 
the  overall  process  involving  more  than  two  electrons  may  only 
occur  near  the  equilibrium  potential  for  the  peroxide  reduction 
step  ( E  =  —0.063  V  versus  Hg/HgO)  as  confirmed  by  the  results 
in  Fig.  6b. 

4.  Conclusions 

The  activity  of  manganese  oxide  dispersed  on  carbon  powder 
was  investigated  for  the  oxygen  reduction  reaction  in  alkaline 
solution  using  conventional  electrochemical  techniques  and  also 
by  the  application  of  the  flooded-agglomerate  model  to  the 
experimental  ORR  steady-state  polarization  data.  Results  indi¬ 
cate  that  the  reaction  proceeds  through  the  peroxide  route  when 
the  MnvOv  load  is  small  and  that  the  carbon  substrate  may  also 
contribute  to  the  catalysis  of  the  ORR.  However,  it  was  seen  that 
when  the  load  of  manganese  oxides  is  high  heterogeneous  cat¬ 
alytic  hydrogen  peroxide  decomposition  takes  place,  raising  the 


number  of  electrons  involved  in  the  reaction,  particularly  near 
the  equilibrium  potential  for  the  peroxide  reduction  step. 
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